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SUMMARY

We have analyzed the effects of cations (Na*, K*, Mg?*, Mn?*, Ca’*) and of detergents
(Triton X-100, sodium cholate) on the binding of two opiate alkaloids ([*H]morphine,
[*H]dihydromorphine (DHM)) and of one opioid peptide, D-Ala’-[tyrosyl-3,5-°H]enkeph-
alin (5-p-leucine), in rat brain membranes. When a fixed, reasonably low concentration of
each radioligand is used so that each would predominantly label its high-affinity site, we
observe that (a) monovalent cations, Na* in particular, inhibit nearly equally well the
binding of the u [morphine, dihydromorphine] and § [D-Ala? p-Leu®-enkephalin (DADL)]
agonists. (b) Binding of the pu and § agonists is differentially affected by divalent cations.
Binding of morphine and DHM is markedly inhibited in a monophasic manner by Mn**
[Zso ~ 4 mm). In contrast, a clearly biphasic effect on bindin§ of DADL, the § agonist, is
found: enhanced binding at millimolar concentrations of Mn** followed by inhibition (Is
~ 40 mM). (c) Conversely, binding of DADL is more readily inhibited in the presence of
nonsolubilizing concentrations (<0.1%, w:v) of cholic acid (sodium salt) than is binding of
the p agonists. In saturation experiments, *H-DADL is found to interact with a high- and
a low-affinity site in our membrane preparation. It is shown that Mn?** (10-20 mm)
selectively inhibits binding of the tritium-labeled pentapeptide to the low-affinity site,
whereas sodium cholate (0.05-0.1%, w:v) selectively prevents binding of the radioligand
to the high-affinity site. These results emphasize the importance of the environment in
evaluating ligand-receptor interactions and suggest novel experimental conditions for an
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assay of u and & receptor subtypes with minimal cross-reaction in nerve tissue.

INTRODUCTION

In 1976, using morphine and benzomorphans in chron-
ically spinal-injured dogs, Martin et al. (1) observed a
variety of pharmacological responses that led them to
postulate the existence of three types of opiate receptors:
mu, kappa, and sigma. Since then, evidence has accu-
mulated (2) that brain membranes contain at least two
opiate receptor subtypes, u (morphine) and § (enkepha-
lin) whose properties do not correspond well to the
definition of Martin et al. (1).

Receptors of the p type may mediate analgesia,
whereas 8 receptors have been implicated in other effects,
including behavioral effects (3-7). On the basis of bio-
chemical binding studies in rat brain membranes, Chang
et al. (8) have classified opiates and enkephalins into
seven categories, elegantly pointing out that “it is the
relative occupancy of p and 8 receptors by agonists and
antagonists that determines the specific pharmacological
0026-895X /82/030564-06$02.00/0
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profile of a given drug at a particular dose.” However,
Gillan et al. (9), after measuring the binding capacities of
various tritiated ligands in guinea pig brain, concluded
that sites other than p and § may have been present in
their preparations. They speculated that these sites cor-
respond to the x receptor of Martin et al. (1), a specula-
tion that is supported by recent data (10, 11).

Several peptides with opiate-like properties have been
characterized in nerve tissue. These include Met- and
Leu-enkephalin (12), 8-endorphin (13), dynorphin (14),
and Met-enkephalin-Arg®-Phe’ (15). To date, it remains
to be proven whether all of these peptides are biologically
significant and whether any one serves as a physiological
agonist of any one of the three receptor subtypes in brain.

Structural and functional characterization of these
multiple receptors requires that they be probed selec-
tively. This may be achieved by selecting either the
adequate effector or the appropriate target (binding site),
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or both. Along these lines, new peptides have been syn-
thesized which display enhanced specificity toward either
4 sites [Tyr-D-Ser-Gly-Phe-Leu-Thr (16, 17)] or u sites
[Tyr-Pro-Phe-Pro, “morphiceptin” (18), and Tyr-D-Ala-
Gly-MePheNH(CH,),OH, “RX783006” (19)]. On the
other hand, opiate binding in nerve tissue has long been
known to be affected by a number of agents, including
ions (20, 21), GTP (22), and N-ethylmaleimide (23).

In the present article we have searched for environ-
mental conditions selective of either u or 8 opiate binding
interactions in vitro. Definition of the conditions favor-
able for minimal cross-reaction of § agonists with receptor
subtype p and vice versa follows from the observations
that (a) unlike monovalent cations, divalent cations,
Mn** in particular, are substantially better inhibitors of
u than of 8§ agonist binding; (b) binding of § agonists is
much more sensitive to sodium cholate than is binding
of p agonists. These results define new experimental
conditions for a quantitative biochemical binding assay
of u and & receptor sites in vitro, using current available
radioligands.

MATERIALS AND METHODS

Preparation of the CMF" from rat brain. Adult Wistar
rats of either sex were killed by decapitation. Their brains
were excised and the cerebella were discarded. The
freshly dissected, weighed tissue, in a final volume of 1.2
ml (per 100 mg) of 0.32 M sucrose in Tris-HCl (1 mM, pH
7.4), was homogenized at 4° in a Potter-Elvehjem tissue
grinder (10 strokes; 800-1000 rpm).

The membrane suspension was incubated for 30 min
at 35° and centrifuged (0-2°) in a Beckman rotor (Type
30) for 30 min at 30,000 rpm. The supernatant was
discarded, and the pellet was dispersed (Polytron) in a
large excess of ice-cold Tris-HCl (50 mMm, pH 7.4) and
centrifuged again as before. The resulting, washed pellet
was homogenized (Polytron) in the original volume of
buffer to yield the CMF (6-7 mg of protein per milliliter)
used in these experiments.

Biochemical binding studies. Binding studies were
carried out at 25° or 35° in Tris-HCI (50 mm, pH 7.4).
Each assay mixture (1 ml, in triplicate or sextuplate)
contained 0.30-0.35 mg of CMF protein, the radioligand
at the desired concentration with and without 10 um
levorphanol. After incubation (60 min at 25° or 30 min at
35°), the reaction was “stopped” by rapid cooling (melt-
ing ice bath) and immediate filtering through glass-fiber
disks (Whatman GF/B) on Millipore Model 1225 sam-
pling manifolds. Unbound or loosely bound radioactivity
was washed away with two 5-ml portions of ice-cold
buffer. Filtering and washing 48 samples required no
more than 5.5 min. The filters were dried and counted
for radioactivity in 4 ml of Beckman Ready-Solv EP
cocktail by a Kontron Model MR 300 automatic liquid
scintillation system.

Radioligands. Morphine, [N-methyl-*H] (40-60 Ci/
mmole), and dihydromorphine, [ N-methyl-*H] (70-90 Ci/
mmole) were obtained from New England Nuclear Cor-
poration (Dreieich, West Germany). D-Ala?-[tyrosyl-3,5-

! The abbreviations used are: CMF, crude membrane fraction; DHM,
dihydromorphine; DADL, p-Ala’,p-Leu®-enkephalin.

*H]Enkephalin (5-D-leucine) (15-40 Ci/mmole) was ob-
tained from the Radiochemical Center (Amersham, Eng-
land).

RESULTS

Cross-reaction: theoretical and practical considera-
tions. In the simplest case of a ligand L that interacts
reversibly with two receptor subtypes R, and R, the
following equilibria are to be considered:

Ri+LsR\L
R, + L s R,L
According to the law of mass action,
[RiL] = [Ri): X [L] X (K + [L])!
[R:L] =[R:]: X [L] X (K2 + [L])!

where [R,L] and [R:L] are the concentrations of sites R,
and R; occupied by L, [L] is the concentration of free
ligand, and Ka and K are the equilibrium dissociation
constants of complexes R,L and R,L, respectively. [R:]:
and [R:]: represent the total concentrations of sites R,
and Rz.

Ligand L is referred to as Type 1 if Kn < K, as Type
2 if K > K, and as Type 1,2 if Kin = K.

Cross-reaction refers to the interaction (usually unde-
sired) between a ligand of Type 1 and R; or between a
ligand of Type 2 and R,. In the case of a ligand of Type
1, cross-reaction is defined as the fraction b;/b; of bound
L associated with Ry, i.e.,

b__ [RL]  _ (1 LR Ka+[L])”
b [RiL]+([R:L] [R:): Ka +[L]

Since [L Je(0, ), then

[Ri). T b ( [Rll.)
<1 e ) =5~ R

Therefore, the minimal cross-reaction is a hyperbolic
function of the product of two ratios, an affinity ratio
(characteristic of the ligand) and a capacity ratio (char-
acteristic of the preparation). The maximal cross-reac-
tion depends only on the capacity ratio and decreases
hyperbolically when the latter increases.

In light of these results, it may be of interest to calcu-
late the limits of b./b: in the case of opiate alkaloids and
of opioid peptides commonly used in binding and auto-
radiographic studies. Four ligands among the very few
for which K and K, values have been reported (2) will
be tested: morphine and naloxone (Type 1), DADL (Type
2), and etorphine (Types 1 and 2). Table 1 gives the
calculated values of minimal and maximal cross-reaction
of these ligands at their low-affinity site in membrane
preparations from rat whole brain, thalamus, and frontal
cortex.

Owing to their high affinity ratios, 111 and 26, respec-
tively, morphine and naloxone would exhibit negligible
minimal cross-reaction with receptor subtype 2 (4) in all
regions considered, including frontal cortex (0.63 and
2.5%, respectively). Therefore, provided that they are
used at very low concentration ([L] ~ 0), morphine and
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TABLE 1
Calculated cross-reaction (minimal and maximal) of various opioid ligands with opiate receptor subtypes 1 (1) and 2 (5) in three membrane
preparations from rat brain
Except for etorphine, the values (dissociation constants and capacity ratios) introduced in the calculations are those reported by Chang and
Cuatrecasas (2) and by Chang et al. (11). The contribution of opiate receptor subtype 3 (benzomorphans) has been omitted.

Minimal (maximal) cross-reaction with low-affinity site

Type Ligand Ka Ka Whole brain Thalamus Frontal cortex
(R\/R; = 2.0) (R:/R; =9.9) (R:i/R: = 1.5)
nM nM % of total
1 Morphine 0.3 32 0.47 (33) 0.095 (9.2) 0.63 (40)
Naloxone 0.5 13 1.9 (33) 039 (9.2) 25 (40)
2 DADL 6.0 0.8 21 67) 57 (91) 17 (60)
1,2 Etorphine
As1 0.14 0.14 33 (33) 9.2 9.2) 40 (40)
As 2 0.14 0.14 67 (67) 91 91) 60 (60)

naloxone may be termed “selective probe of receptor
subtype 1” ().

In contrast, DADL, whose affinity ratio is reported to
be 0.13 (2), displays substantial minimal cross-reaction
with receptor subtype 1 (1), even in frontal cortex (17%).
In thalamus, the pentapeptide would label predomi-
nantly subtype 1 even when used at very low concentra-
tion. Therefore DADL should not be considered as the
“gselective probe of receptor subtype 2” (), at least when
tested under standard assay conditions.

Monovalent cations inhibit nearly equally well bind-
ing of n and 8§ opiate agonists in rat brain membranes.
We have analyzed the effect of sodium, potassium, and
choline chlorides (5-200 mm) on the binding of [°H]
morphine (1.0 nm), [*(HJDHM (0.5 nM), and *H-DADL
(2.0 nM). Choline chloride had little if any effect, indicat-
ing little if any contribution of ionic strength to the
phenomenon. Sodium chloride inhibited binding of all
ligands in rat brain CMF. The inhibition curves were
roughly parallel, yielding parallel Hill representations of
slopes near unity (Fig. 1). The concentrations of Na*
required to halve binding of the three ligands were 30
(DHM), 40 (morphine), and 60 mM (DADL). Potassium
exerted a very similar inhibitory action except that higher
concentrations were necessary (data not shown). There-

[3+] morphine [3H|oHm [3H] oaoL

tog INaCil )

Fic. 1. Inhibition by sodium ions of the binding of morphine,
DHM, and DADL in rat brain membranes

The radioligands were used at 1.0 nM ([*H]morphine), 0.5 nm ([°H]
DHM), and 2.0 nM (*H-DADL). To avoid confusion, the inhibition
curves are drawn separately. The corresponding Hill representations
(O) are also shown. Each experimental value, expressed as percentage
of control (in sextuplet) is the mean of triplicate determinations.

fore it was concluded that the opiate receptor binding
interactions of p and § opiate agonists were poorly dis-
criminated by monovalent cations, in particular Na*, in
our membrane preparation.

Divalent cations preferentially inhibit binding of p
opiate agonists in rat brain membranes. With divalent
cations, the situation was entirely different. Binding of
the p agonists, morphine and DHM, was markedly in-
hibited in the presence of Mg>*, Mn?*, or Ca®* (0.5-70
mM). For instance, a concentration as low as 4 mM MnCl,
reduced binding of [*H]morphine and of [*H]JDHM to
50% of the control value in rat CMF (Fig. 2).

Binding of the & agonist was affected in a more com-
plicated manner. In the presence of millimolar concen-
trations of Mn?*, there was a significant increase
(30-60%) of specifically bound *H-DADL. This increase,
bell-shaped, was followed by an inhibitory phase, 50%

2 —

1.5 —

0.5 —

A I 10 100
IMnCi, | (mm)

F1G. 2. Effect of manganese ions on the binding of morphine, DHM,
and DADL in rat brain membranes

The radioligands were at the concentrations indicated in the legend
to Fig. 1. +, [*H]Morphine (one experiment); B, [’H]DHM (two inde-
pendent experiments); @, *H-DADL (two independent experiments).
Each experimental value, expressed as percentage of control (in sex-
tuplet) is the mean of triplicate determinations.
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inhizliition of 3H-DADL binding being recorded at 40 mm
Mn**.

The two other divalent cations, Mg>* and Ca®*, had
effects very similar (at least qualitatively) to those elic-
ited by manganese. These results demonstrate clear dif-
ferentiation between p and § opiate-receptor interactions
by divalent cations in brain membranes. Enhanced bind-
ing (increased affinity?) in the presence of low concentra-
tions (~1 mM) of these ions appears to be inherent to &
sites in nerve tissue (see Discussion). However, in prac-
tice it was more important to note that binding of *H-
DADL was unaffected in the presence of 10-20 mm Mn?*
whereas binding of [*H]morphine and of [’HJDHM under
these conditions was decreased by as much as 80% (Fig.
2).

Cholic acid (sodium salt) preferentially inhibits bind-
ing of the § opiate agonist in rat brain membranes. In
addition to cations, two detergents were tried: Triton X-
100 and cholic acid (sodium salt). At nonsolubilizing
concentrations (<0.1%, w:v), these agents were known'
to inhibit binding of [*H]etorphine and of [*H]diprenor-
phine in our membrane preparations. However, since
oripavine derivatives are specific for neither p nor 4 sites
(24), it was necessary to repeat these experiments with
more selective radioligands.

Binding of the u and § agonists was extremely sensitive
to Triton X-100. In fact, binding of the three radioligands
was halved in the presence of concentrations of Triton
X-100 as low as 0.001-0.004% (w:v). Binding of *H-DADL
appeared to be hardly more sensitive to this detergent
than did binding of the two alkaloids (data not shown).

With sodium cholate, clear differences were observed
(Fig. 3). Binding of the u agonists was only moderately
inhibited (<20%) by the bile salt at concentrations in the
range 0.005-0.1% (w:v). Over this same range, sodium
cholate exerted monotonous and almost complete inhi-
bition of *H-DADL binding, 50% being reached at
0.03-0.04% (w:v).

Therefore cholic acid (sodium salt), unlike Triton X-
100, preferentially inhibited binding of the & opiate ago-
nist in rat brain CMF.

Washing these membranes free of sodium cholate (by
centrifugation) resulted in increased (50%) binding of the
three radioligands. It is not known whether the phenom-
enon rests on increased affinity following removal of
tightly bound endogenous ligands upon incubation with
detergent. This particular problem is currently being
investigated.

Manganese chloride and sodium cholate respectively
select opiate receptor subtype 8 and opiate receptor
subtype p in rat brain membranes. In rat brain CMF,
saturation experiments using *H-DADL at concentra-
tions in the range 0.4-20 nM suggested interaction of this
radioligand with at least two distinct classes of binding
sites. The Scatchard representations were clearly bi-
phasic (Fig. 4a and b): one-third (0.1 pmole/mg of pro-
tein) of the sites exhibited high affinity (~1.3 nm) for the
pentapeptide and were likely to represent & receptor
sites. The other two-thirds (0.2 pmole/mg) displayed
somewhat lower affinity (10-15 nM) and could represent

2J. M. Zajac and J. C. Meunier, unpublished observation.

(o X3 o

|| L |
o (o] 05 |
Na-cholate ,w:v

F16. 3. Effect of cholic acid (sodium salt) on the binding of mor-
phine, DHM, and DADL in rat brain membranes

Conditions and symbols are the same as in the legends to Figs. 1
and 2.

receptor subtype p. These results agree well with those
obtained in a previous study (17).

Figure 4a shows that saturation experiments con-
ducted in the presence of 10 mM MnCl; resulted in
significant linearization of Scatchard representations
with a selective loss of the pentapeptide’s low-affinity
site. At 20 mm MnCl,, the effect was even more pro-
nounced, with a complete disappearance of the DADL
low-affinity site. The high (8)-affinity site (0.09 pmole/

fQ ®
100 o
? ol }
Ry
M»\—l

o

A 2

b, pmole xmg-!
Fi1G. 4. Scatchard analysis of the binding of *H-DADL in rat brain
membranes: the effects of manganese chloride and sodium cholate
O, Control experiments in 50 mm Tris-HCI (pH 7.4) (no additions).
a, The effect of manganese ions present at 10 mM (A) and at 20 mm
(A); the pentapeptide’s low-affinity binding site is selectively lost. b, It
is evident that sodium cholate (0.07%, w:v; @) specifically inhibits
binding of *H-DADL to the high-affinity site.
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mg) was unaffected except perhaps for a slight decrease
(2-fold) of affinity.

When cholic acid (sodium salt) was used instead of
MnCl,, the effect was exactly opposite: the pentapep-
tide’s high-affinity site was preferentially lost (Fig. 4b).

These experiments demonstrated clearly the feasibility
of “occluding” selectively either opiate receptor subtype
p (with manganese ions) or opiate receptor subtype &
(with sodium cholate).

DISCUSSION

On the basis of simple hypotheses and with the use of
published data, we calculated that morphine and nal-
oxone, owing to their high affinity ratios (111 and 26,
respectively) would label receptor subtype p with nearly
absolute selectivity when used at [L] ~ 0. The two
alkaloids are routinely available at high specific radio-
activity (40-60 Ci/mmole). Therefore, it is puzzling why
Sandoz peptide FK-33824, whose affinity ratio is only
one-tenth that of morphine (25), is so often used in place
of morphine as the specific 4 probe in biochemical bind-
ing (25) and autoradiographic (26) studies.

There is some agreement that the affinity ratio of
DADL, the § agonist, does not exceed 10 (17) and may
be as low as 2.7 (26). Consequently, the pentapeptide can
hardly be used as a selective 8 probe, especially in those
regions of the brain in which subtype u largely predomi-
nates. In rat thalamus, a region which, according to
Chang et al. (11), is considerably enriched in pu sites,
DADL would display a minimal cross-reaction of 57%.
In other words, *H-DADL bound in membrane prepara-
tions from this particular region would reveal p rather
than § sites at any concentration of radioligand.

In the present article we report data on the differential
“regulation” (inhibition) by manganese ions and cholic
acid (sodium salt) of the binding of u and § agonists in
rat brain membranes.

Initially, ionic effects on opiate (usually alkaloids)
binding in nerve tissue were interpreted exclusively in
terms of reversible agonist-antagonist receptor transcon-
formations (20). Later, it was generally accepted that
binding of p agonists was more stringently regulated by
sodium ions that bound & agonists (27). This is not the
case. Monovalent cations, sodium in particular, inhibit p
and § binding interactions nearly equally well in brain
membranes. Since 8 antagonists are not available, the
mechanism whereby §-opiate receptor interactions are
sodium-inhibited remains to be elucidated.

Divalent cations were previously shown to enhance
binding of opiate (usually alkaloids) agonists to their
receptor sites (21). However, when low concentrations of
1 (morphine, DHM) and 8 (DADL) agonists are used, it
becomes evident that Mn?* differentially affects binding
of the two sets of radioligands.

Enhanced binding in the presence of millimolar con-
centrations of Mn?* appears to be characteristic of the §
agonist (2). Pertaining to this notion is the established
fact that, in brain membranes, binding of leucine enkeph-
alin is markedly increased by Mn’* whereas binding of
methionine enkephalin is not (28). Taken together, these
data would support the proposal of Snyder and Goodman
(27) that leucine enkephalin serves as a physiological

agonist of receptor subtype 8 in nerve tissue. This hy-
pothesis is being tested in rabbit cerebellum, which, in
addition to being rich in [*H]etorphine binding sites (29),
contains substantial quantities of methionine enkephalin
but virtually no leucine enkephalin (30).

Manganese ions were also shown here to inhibit bind-
ing of “H-DADL but at concentrations 10-fold higher
than those required to inhibit binding of [°’H]morphine
and [PH]JDHM. A concentration of 10-20 mM MnCl;
caused no inhibition of binding of the § agonist but
decreased that of the p agonists by as much as 80%. In
addition, saturation experiments carried out with ®H-
DADL indicated that 10-20 mm Mn?* had little if any
effect on the pentapeptide’s high-affinity binding (8 in-
teraction) but markedly inhibited its low-affinity binding
(p interaction). Therefore, experimental conditions were
met which were aimed at minimalizing cross-reaction of
the 8 agonist with receptor subtype p in vitro.

Finally, our finding that binding of *H-DADL was
more sensitive to cholic acid (sodium salt) than was
binding of [*H]morphine and [?PH]DHM provided a com-
plementary mean of discriminating between 8 and p
receptor interactions in vitro. This proposition was
clearly supported by the demonstration of a selective loss
of the pentapeptide’s high-affinity (8) site in the presence
of nonsolubilizing concentrations of the anionic deter-
gent.

As we have mentioned before (see Introduction), the
specific labeling of a particular opiate receptor subtype
may be achieved by selecting either the adequate effector
or the appropriate target (binding site). The present
study has demonstrated the feasibility of the second
approach with natural emphasis on receptor subtype é.

In conclusion and briefly stated, the results that we
have reported here (a) provide additional evidence for
multiple opiate receptors in brain, (b) reaffirm the im-
portance of the environment in evaluating ligand-recep-
tor interactions, and (c) suggest novel experimental con-
ditions for an assay of 1 and & opiate receptor sites with
minimal cross-reaction in nerve tissue.

Addendum. While this article was being reviewed,
Hiller et al. (31) reported the selective inhibition of
binding to § receptors by alcohol. Alcohol and cholate
(this study) may act through a common mechanism at
the membrane level.
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